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MATERIALS CHEMISTRY COMMUNICATIONS 
Intercalation and Oxidative Polymerization of Aniline in Zirconium 
Phosphates 
K. J. Chao, T. C. Chang and S. Y. Ho 
Department of Chemistry, National Tsinghua University, Hsinchu, Taiwan, Republic of China 
The aniline monomer was encapsulated into the interlayer space of zirconium phosphates by either ion exchange 
or adsorption and was then polymerized by chemical oxidative methods. The morphology and properties of 
polyaniline intercalated in and isolated from zirconium phosphate hosts are different from those of polyaniline 
obtained by polymerization in aqueous solutions. 
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The encapsulation of conjugated polymers in the crystalline 
microporous inorganic host has recently received extensive 
attention. Several studies have been reported on polyaniline, 
polypyrole, polyacrylonitrite and polythiophene in caged 
zeolites and layered oxides or fluo~hectorite'-~ for the 
purpose to control the molecular alignment of conducting 
polymer chains. Crystalline zirconium phosphates (ZrP) with 
layered structures and a high preference for Brsnsted bases 
and high ion-exchange capacity (6.24 mequiv g- ' for y-ZrP 
and 6.64 mequiv g-'  for ~t-Zrp) ' ,~ can be employed as the 
host lattice for aniline and the polymerization of aniline. 
Moreover, the oxidative polymerization can alter the band 
structure of conductive hosts, i.e. V205  and FeOCl but not 
the anionic framework of ZrP. The interaction between 
polymer chains in two-dimensional ZrP layers may be 
different from those in bulk or in one-dimensional zeolite 
channels. This paper reports a novel in situ polymerization of 
aniline in a- and y-ZrP. The precursor monomers were 
introduced into the interlayer space of ZrP by ion exchange 
and adsorption, and were subsequently oxidized to polyaniline 
(PAN) in an ammonium peroxodisulfate or iron(m) chloride 
s o l ~ t i o n . ~  The properties of encapsulated PAN were charac- 
terized by X-ray diffraction (XRD), electron paramagnetic 
resonance (EPR), IR, UV-VIS, scanning electron microscopy 
(SEM), conductivity and molecular weight measurements. 
The hydrogen form of crystalline a- and y-ZrP were 
prepared by using the methods of Alberti et al.' and Yamanak 
et a!.,* respectively. The dihydrogen form of a-ZrP, a- 
ZrP(HH), was exchanged with aqueous NaCl and NaOH 
solution into a-ZrP(NaH) and a-ZrP(NaNa).' Slow evapor- 
ation of water at ambient temperature yields a-ZrP(HH), a- 
ZrP(NaH) and ol-ZrP(NaNa) with interlayer distances of 0.76, 
0.99 and 1.04 nm, respectively. The interlayer spacing of 
AN-r-ZrP was varied with the amount of aniline incorporated 
by aniline adsorption in a-ZrP(HH) or anilinium ion-exchange 
in a-ZrP(NaNa); it increases to 1.36 and 1.84 nm with the 
mono- and bi-layer of aniline molecules in an interlayer 
space, respectively. The elemental composition of the mono- 
layer AN-a-ZrP is C% =21.2, N%=4.1 (by weight and 
C:N=6). The amount of intercalated AN can be reduced to 
half by dissolution during the oxidative polymerization 
process. The insertion of a bilayer of aniline molecules in a- 
ZrP was also prepared by adsorption of aniline in methanol 
solution on a-ZrP(HH) obtained by treating a-ZrP(HNa) 
with HC104 and MeOH.' The interlayer distance of y-ZrP 
was found to increase from 1.26 to 1.61 nm by incorporation 
of aniline. After polymerization, the interlayer spacing of AN- 
ZrP could be reduced to 1.56nm for PAN-y-ZrP and to 
1.04 nm for PAN-a-ZrP. PAN trapped in hydrogen and 
sodium forms of ZrP gave a free radical EPR signal at g =  
2.0034 and 2.0049 [relative to diphenylpicrylhydrazyl (DPPH) 
with g = 2.00361 similar to the emeraldine salt (PAN-2s) and 
base (PAN-2A) forms of polyaniline, respectively," whereas 
no paramagnetic signal could be observed on aniline incorpor- 
ated samples. The g values of intercalated PAN are larger 
than the value for free electrons (g = 2.0023). 
Conductivity values measured with the four-probe method 
are summarized in Table 1. The weak conductivity of PAN- 
ZrP samples is due to the encapsulation of insulating 
zirconium phosphate and little external polymer coating on 
the surface of zirconium phosphates. The conductivity value 
of ca. 1 x lo- '  S cm-' was observed for PAN isolated from 
PAN-ZrP by dissolving the host with HF. The conductivity 
of PAN is varied from insulating (cr= lO-'OS cm-') to 
conducting [a(295 K)= 5 S cm- '3, depending on their pro- 
tonation and oxidation levels." Upon acid treatment, the 
form of PAN extracted from PAN-ZrP is toward PAN-2s. 
The morphology of extracted PAN is shown in the scanning 
electron micrographs of Fig. 1. The fibre-like PAN chains 
isolated from PAN-ZrP orient to form layers that are quite 
different from the globular-type of bulk PAN from chemical 
oxidative polymerization of aniline in aqueous solutions.12 
The average molecular weights of the tetrahydrofuran (THF)- 
soluble materials of PAN-2A and of PAN extracted from 
PAN-ZrP (by polymerizing the monolayered-AN in ZrP) are 
ca. 6000 and 2000, respectively, using gel permeation 
chromatography relative to the polystyrene standards, 
whereas most of PAN isolated from the polymerization of 
bilayered AN in ZrP is THF-insoluble. 
The typical IR spectra of ZrP, PAN-ZrP, PAN isolated 
from PAN-ZrP and PAN-2S are given in Fig. 2. After 
polymerization, the peaks of aniline monomer at 1496 cm-' 
and of ammonium ions at 1400cm-' are absent. The 
1400 cm- ' absorption peak was found in the polymerization 
of AN in zeolites oxidized by (NHJ2S208 and was interpreted 
Table 1 Conductivity data for PAN samples 
sample conductivity/S cm- 
PAN-a-ZrP(HH) 1 x10-3 
PAN extracted from PAN-a-ZrP(HH) 1 x10-' 
PAN-y-ZrP 3 x10-4 
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Fig. 1 Morphology of PAN isolated from y-ZrP 
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2 IR Spectra of (a)  a-ZrP(HH), (b) PAN-a-ZrP(HH), (c) PAN 
icted from PAN-a-ZrP(HH), and (d) PAN-2S 
Dartial ion-exchange of NHf for C6H5NH;. The charac- 
itic vibration bands of PAN isolated from PAN-ZrP are 
ilar to those of PAN-2S and different from PAN of PAN- 
PAN are hindered by the layered host and that the 
protonation level of PAN in ZrP may be different from that 
in an isolated state. The intercalation and polymerization of 
aniline in ZrP can also be confirmed by solid-state I3C NMR 
spectroscopy. The characteristic I3C peaks of aniline and 
PAN encapsulated in a-ZrP(HH) are expected to be similar 
to anilinium chloride and bulk PAN-2S, respectively, because 
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